Expression of the DAL2, DAL4, DAL7, DUR1,2, and DUR3 genes in Saccharomyces cerevisiae is induced by the presence of allophanate, the last intermediate of the aflantoin degradative pathway. Analysis of the DAL7 5'-flanking region identified an element, designated the DAL upstream induction sequence (DAL UIS), required for response to inducer. The operation of this cis-acting element requires functional DAL81 and DAL82 gene products. We determined the DAL UIS structure by using saturation mutagenesis. A specific dodecanucleotide sequence is the minimum required for response of reporter gene transcription to inducer. There are two copies of the sequence in the 5'-flanking region of the DAL7 gene. There are one or more copies of the sequence upstream of each allantoin pathway gene that responds to inducer. The sequence is also found 5' of the allophanate-inducible CAR2 gene as well. No such sequences were detected upstream of allantoin pathway genes that do not respond to the presence of inducer. We also demonstrated that the presence of a UIS element adjacent to the nitrogen-regulated upstream activation sequence significantly enhances its operation.
All genes that participate in the allantoin degradative pathway (DAL and DUR) of Saccharomyces cerevisiae are sensitive to nitrogen catabolite repression (NCR) (5, 7) . This global regulation is exerted through a common nitrogenregulated upstream activation sequence (UASNTR) (3, 4, 7, 19, 26, 27) . This element is necessary and sufficient for sensitivity to NCR (7) and has been observed in multiple copies upstream of every gene for which there is unambiguous evidence demonstrating sensitivity to NCR. In addition to NCR, some of the allantoin pathway genes (DAL2, DAL4, DAL7, DURI,2, and DUR3) are inducible; their expression is markedly increased by the presence of the last pathway intermediate, allophanate, or its analog; oxalurate (OXLU) (5, 6, 8, 27, 28) . For the others (DALI, DAL3, and DALS) expression in strain 11278b is independent of inducer (18, 26, 28) .
The composition of cis-acting elements present in the 5'-flanking regions of the DAL and DUR genes correlate with their physiological responses. All of the genes are NCR sensitive and found to have multiple UASNTR elements upstream of their coding sequences (3, 4, 7, 19, (25) (26) (27) . Only the UASNTR element has been found upstream of the allantoin pathway genes expressed in an inducer-independent manner (3, 19, 26) . In contrast, the inducible genes are found to possess two additional cis-acting elements. The first of these elements is an upstream repression sequence (URS) that has been suggested to maintain gene expression at a low level when inducer is absent (25) but which as yet is not well characterized. The second element is the upstream induction sequence (UIS) that has been demonstrated to be required for response to inducer (25) . The UIS element alone in single or multiple copies, however, will not mediate significant transcriptional activation of a heterologous reporter gene and hence probably does not function as a UAS (25) .
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Two recessive, unlinked genes are associated with the function mediated by the DAL7 UIS. The DAL81 locus was first defined genetically by mutations that resulted in loss of ability to use allantoin as nitrogen source and lacked the normal increased urea amidolyase production in response to addition of urea or oxalurate to the culture medium (1, 2, 23).
The DAL8J gene was cloned and found to be expressed in an inducer-independent, NCR-insensitive manner (1) . Deletion of the gene permitted us to demonstrate that DAL8M is not required for UASNTR function but is required for response to inducer and function of the UIS element in the induction process (2) . The 109-kDa gene product contains Zn(II)2Cys6 and helix-turn-helix motifs (2) . DAL81 product is not, however, a prime candidate for the factor that binds to the DAL7 UIS element because it is required for induced synthesis of a number of unrelated genes, including UGAI, which participates in y-aminobutyrate metabolism (2) and hence may be a more general regulatory factor of transcription.
The DAL82 locus encodes a 29-kDa protein specifically required for DAL7 UIS function (17) . The phenotype of dal82 mutations is identical to that of dal8J with an important exception; UGAI gene expression is not affected by loss of the DAL82 gene product (24) . Hence, DAL82 appears to be allantoin pathway specific. The deduced structure of DAL82 protein does not contain any of the motifs usually reported to be associated with DNA binding proteins except a coiled-coil motif (17) . A first step towards elucidating the functions of DAL81 and DAL82 proteins and unraveling potential interactions of all proteins required to mediate induced allantoin system gene expression is careful identification of the cis-acting sites involved in the process. Therefore, we began our genetic (20) .
The starting construction used for mutational analysis and the deletions in Table 2 was plasmid pHJ1, which was similar but not identical to plasmid pHY174 (25) . The insert of plasmid pHJ1 (Fig. 1 ) contained two copies of DAL7 sequences -229 to -181 separated by linker sequence 5'-TTAGTC and flanked by the 5' extensions of the Sall and EagI recognition sequences, such that cloning the insert into the Sall and EagI sites of vector pNG15 resulted in destruction of these sites in the finished construction. In plasmid pHY174, the 5' extensions of Sall linkers were used for cloning; they too are destroyed as a result of cloning.
The ARSI element contained in most of the plasmids used in this work was replaced in a representative set of plasmids with a DNA fragment containing CENIV-ARSI. This was accomplished by substituting the NdeI-XmnI DNA fragment derived from plasmid YCp5O for the EcoRI fragment containing TRPI and ARSI of plasmid pNG15 to yield plasmid pHP41 (17a) . Then the XmaI-BamHI fragments from each of the representative plasmids was exchanged for the XmaIBamHI fragment of plasmid pHP41.
To determine the ability of UASNTR-homologous sequences in the DAL7 promoter to support UAS function in the absence or presence of an adjacent UIS element (see Table 4 ), we used synthetic oligonucleotides that were identical to those contained in plasmids pJD28 and pJD29 ( Fig. 2) , except that each of the UASmm-homologous sequences to be tested and shown in the table were substituted for the UAS-homologous sequences (Fig. 2 , boldface print) in plasmids PJD28 and pJD29. Again, the plasmid inserts contained two copies of the UASNTh sequences because we have previously shown that two copies of the UASNTR sequence are required for function (19). These inserts were also cloned into the Sall and EagI sites of plasmid pNG15, but the linker separating the two sets of duplicated elements corresponding fragment of each of the plasmids containing the mutant UASNTR sequences chosen for analysis.
Enzyme assays. P-Galactosidase activities were determined by using the method of Guarente and Mason (9) . The medium used for assay was YNB-proline. Activities were reported as Miller units, except that 10 ml of cells were harvested rather than 1 ml (16). Many of the plasmids used in this work contained an autonomously replicating sequence (ARSI). Therefore, we took the same precautions we have used successfully in the past (4, 13, 19, 25) to avoid potential problems that might result from varying plasmid copy number. In addition, we assayed P-galactosidase activity supported by CENIV plasmids containing representative inserts identical to those used in this analysis and obtained the same patterns of activity as with the ARS plasmids (4; this study). The most significant difference was that the CENIV plasmids supported much lower P-galactosidase activities, as we (25) . In that study a DNA fragment extending from positions -228 to -183 supported OXLU-inducible reporter gene expression (plasmid pHY174 [25] ). In contrast, a DNA fragment covering only sequences -218 to -203 (plasmid pHY129) was sufficient to support transcriptional activation of the reporter gene, but in an inducer-independent fashion (25) . Together, these observations suggested that the UIS element was likely situated somewhere between nucleotides -228 to -212; the latter position has been shown by saturation mutagenesis to be a terminal nucleotide of the UASNTR (4).
To ascertain whether or not additional sequences could be deleted, several additional deletion plasmids were constructed ( Table 2 ). Deletion of nucleotides -229 to -225 or -229 to -223 resulted in loss of OXkU-inducible reporter gene expression (Table 2) . Similarly, deletion of nucleotides -218 to -220 generated the same phenotype. Therefore, we chose the sequence -229 to -215 as the minimum to be analyzed.
To conduct the saturation mutagenesis of the DAL7 UIS, we synthesized a set of mutant DNA fragments and cloned them into expression vector pNG15 (Fig. 1A) pNG15  pHJ1  pHJ9  pHJ25  pHJ24  pHJ10  pHJ27  pHJ26  pHJll  pHJ29  pHJ28  pHJ12  pHJ31  pHJ30  pHJ13  pHJ33  pHJ32  pHJ14  pHJ35  pHJ34  pHJ15  pHJ37  pHJ36  pHJ16  pHJ39  pHJ38  pHJ17  pHJ40  pHJ41  pHJ18  pHJ42  pHJ43  pHJ19  pHJ44  pHJ45  pHJ20  pHJ47  pHJ46  pHJ21  pHJ49  pHJ48  pHJ22  pHJ51  pHJ50  pHJ23  pHJ52 pHJ53 UIS. The genetic analysis presented above identified a highly specific dodecanucleotide required for response to the allantoin pathway inducer. Such a site would be expected to bind one or more proteins in order to effect this response. To test this expectation, we ascertained whether or not protein was bound to a DNA fragment containing the DAL7 UIS element just described. As shown in Fig. 4, a clear Introducing UIS elements adjacent to the UAS elements as occurred in the plasmids assayed in Table 4 , resulted in two changes: (i) addition of the UIS element, and (ii) a change in the spacing between the UAS elements due to insertion of the UIS elements (compare appropriate sequences in Fig. 1B or sequences for the inserts of plasmids pJD28 and pJD29 in Fig. 2) . Therefore, the experiment presented in Table 4 contained two variables, each of which might reasonably be expected to have an effect upon the results we observed. To eliminate the contribution of a change in UAS spacing from consideration, we assayed reporter gene expression supported by three plasmids ( Table   5 ). The first plasmid (pJD28) contained a poor UASNTR, while the second plasmid (pJD29) contained this UASNTR along with a UIS element adjacent to it, as described above. The third plasmid (pJD83) was identical to plasmid pJD29, except that its UIS elements contained a point mutation (an A-to-T transversion at DAL7 position -227) shown in Fig. 3 to destroy the ability of the sequence to serve as a functional UIS site. Therefore, UASNTR spacing in plasmids pJD29 and pJD83 was identical; the UIS element was removed in plasmid pJD83 by point mutation rather than deletion. As G  G  A  A  A  A  T  T  G  C  G  T  T  T  G   88  23  2  3  10 114 100 100 5  3  3  100 100 100 
Percentage of the induced wild-type (plasmid pHJ1) P-galactosidase activity supported by each of the mutant DNA fragments. The wild-type sequence appears across the top of the figure. Substitutions appear down the left side and the DAL7 UIS sequence that supports more than 50o induced 3-galactosidase production appears at the bottom. The lanes from left to right contained the Maxam-Gilbert sequence reaction products from the G and A specific reactions, a reaction mixture from which cell extract was omitted (-EXT), and increasing amounts of cell extract (29, 35 , and 42 ,ug). Optimum reaction conditions were found to be the same as those used earlier (19). The wild-type strain used in this experiment was M970 grown in minimal glucose-proline medium as described earlier (19) . A portion of the sequence of the DNA fragment used in the experiment is shown on the right side of the figure with the UIS element in brackets.
shown in Table 5 , mutation of the UIS element resulted in loss of its ability to mediate enhancement of UASNTR activity. Since the spacing of UASNTR elements in plasmids pJD29 and pJD83 was identical, the data obtained argued that altered UASNTR spacing was not a significant contributing factor to UIS-mediated enhancement of UAS activity.
The above results pointed out a marked limitation in interpretation of the previously reported mutational analysis of the UASNTR element (4) . In that work we mutated each nucleotide of the UASNTR and ascertained the effects of these changes on its ability to serve as a UAS. Such analysis would be sufficient for genes such as DALS, which possessed only UASNTR elements, i.e., their promoters were devoid of UIS elements. On the other hand, it would not be sufficient for analysis of the UAS element from a gene such as DAL7, which possessed both UASNTR and UIS elements. This limitation can be seen in the data in Table 4 . Only the UAS in plasmid pJD28 would have been scored as being functional and then just barely so. However, as mentioned above, the UAS elements in plasmids pJD58, pJD62, and pJD74 were also capable of supporting reasonable levels of reporter gene expression when the UIS element was present as it is in the DAL7 promoter, the source of these sequences.
We performed one more experiment to evaluate the extent of this limitation relative to mutational analysis of the UASNTR reported previously (4). This experiment was identical to the one described in Table 4 , except that the UAS elements used were mutated forms of the one used in the original UASNTR mutational analysis previously reported (4). In each case, the presence of the UIS element markedly enhanced the UAS activity supported by the construction (Table 6) .
UIS-mediated enhancement of UASNTR function in dai81 and dal82 mutant strains. The DAL8M and DAL82 gene products have been shown to be required for response to the allantoin pathway inducer and operation of the UIS element in the induction process (1, 2, 17) . Therefore, we ascertained whether mutations of these genes had any effect upon UIS-mediated enhancement of UAS activity supported by a DAL7 UASNTR element. This was accomplished by using two sets of plasmids. One set of plasmids (pJD28, pJD32, pJD31, and pJD35) contained only UASNTR-related sequences based on the DAL7 UASNTR sequence in plasmid pJD28 (DAL7 positions -218 to -199). This plasmid supported 230 U of P-galactosidase production, an amount that was 16-fold over background but still low when compared with the level of production supported by the DAL5 UASNTR (19). Using results from saturation mutagenesis of the DAL5 UASNTR as a guide (4), we altered, in stepwise fashion, the UAS sequence in plasmid pJD28 to make it more closely coincide with that of DAL5 UASNTR (Table 7) . Not surprisingly, reporter gene expression supported by each successively modified plasmid was higher than the previous one (Table 7 , compare plasmids pJD28, pJD32, pJD31, and pJD35). Adding a UIS element upstream of the UAS elements in each of these plasmids resulted in markedly increased UAS activity. The fold increase was a function of the strength of the UAS element in the absence of the UIS. When a poor UASNTR element was used (plasmid pJD28), 15-fold enhancement was observed (Table 7) . Enhancement decreased to only 2.5-fold when the most active UASNTR was assayed (plasmids pJD35 and pJD40). Deletion of dal81 had no significant effect upon enhancement ofDAL7 UAS activity by the UIS element. Moreover, the fold enhancement was the same in both cases and was the same whether or not the plasmid contained a centromere ( (Fig. 5) . Similarly, related sequences have been reported upstream of all of the allantoin pathway genes known to be inducible ( Figure 5 ) (25, 27, 29) . These sequences are, however, conspicuously absent from the upstream regions of allantoin pathway genes that do not respond to inducer (3, 19, 26) . Together these observations support our earlier suggestion that the UIS element is the one which mediates induction of the allantoin pathway genes (25) .
In this work we have also discovered genetic evidence suggesting the occurrence of a synergistic interaction occurring between the DAL7 UIS and UASNTR elements. The degree of UIS-mediated enhancement of UASNTR function diminished, however, as the strength of the UASNTR increased. This suggests that strong UASNTR elements, such as those upstream of the inducer-independent DAL5 gene, have little need for the UIS element. In contrast, it appears that without such interaction, the UASNTR elements upstream of DAL7 would not support high-level transcriptional activation (Table 4) . A potentially important physiological implication of these interactions may be a tighter coupling between transcriptional activation of the inducible allantoin pathway genes and induction, since it is the UIS element that has also been shown to be required for response to inducer (2, 25; this work). We must emphasize that inducer was not required for any of the observations reported in this work. The presence of inducer increased enhancement an additional twofold, as previously observed (1, 25) . It is possible that the presence of inducer merely strengthens whatever biochemical events that mediate UASNTR enhancement in its absence. If the above discussion is correct, it suggests that each of the inducible allantoin pathway genes would be expected to possess UASNTR elements that function at high level only when in association with UIS elements, while the UASNTRs associated with the pathway genes expressed in
Sequences with strong homology to the UIS sequence analysed in this work that were observed in the 5' regions of other genes which have been shown to respond to induction by allophanate or OXLU.
an inducer-independent fashion would be expected to function alone.
That potential associations similar to those described in this report may occur more generally as a means of accomplishing regulated gene expression is supported by the observation that STE3 transcription appears to exhibit similar characteristics of regulation. This gene has been reported to contain a P box that is incapable of supporting transcriptional activation unless a second element, the Q box, is present as well (12) . A further parallel between the two systems is the existence of P-box versions that are able to support transcriptional activation alone.
Data presented in Table 7 lead us to conclude that the DAL82 product is required for enhancement of UASNTR function mediated by the DAL7 UIS element. We cannot at present ascertain that the DAL82 protein requirement is absolute, because we observed one-to twofold residual enhancement in the da182 mutant strain (Table 7) . This residual enhancement may have derived from residual DAL82 gene product activity, since the mutant strain used in this work was not a deletion and we have been unsuccessful thus far in our attempts to obtain one. In this regard, it is important to note that UIS function in the induction process is completely lost in this strain (see Fig. 4 DAL81, which is also required for induction of allantoin pathway gene expression as well as that of GABA metabolism (2) . There are, at this point, no data to delineate the physical characteristics or biochemical mechanisms through which the UIS-mediated enhancement of UASNTR function occurs. Although there was a very small amount of reporter gene expression observed with a construction carrying only the UIS element (Table 7) , it was only 1 to 2% of that observed when a UASNTR element was added to the construction. Such low activity does not permit us to conclude that the UIS element can independently support transcriptional activation that is physiologically significant, i.e., we cannot conclude that the UIS element is in fact an inducer-dependent UAS.
The fact that one or more proteins have been shown to bind to the DAL7 UIS element (Fig. 4) prompts the question of their identity. Two candidate proteins are encoded by the DAL8J and DAL82 genes (1, 2, 17, 23) . Both of these genes have been demonstrated to be required for induction (1, 17, 23) , and for the functioning of the UIS element rather than UASNTR (2, 17) . However, because of the potential interaction of proteins associated with the very closely spaced UAS and UIS sites, the obvious gel shift experiments involving mutant forms of the DAL8J and DAL82 proteins have not thus far been interpretable (19a) . This may be due to protein-protein interactions such as those just discussed and/or the presence of an additional cis-acting site(s) and trans-acting factor(s) not identified thus far. Consistent with this suggestion is the observation that at least 10 nucleotides, not required for UIS function in vivo, are protected from DNase digestion in the DNA footprint experiment (Fig. 4) . It is conceivable that these nucleotides represent such a previously unreported site. Since it appears that multiple proteins function in close association with the UASNTR and UIS sites as well as any we have not yet discovered, deletion mutants of all of the genes encoding these putative proteins will likely be required to unravel the biochemical relationships that occur. Equally probable is the suggestion that some of the proteins and their cognate genes remain to be identified.
A paradox appears when comparing data obtained with plasmid pJD28 used in this work and plasmid pHY129 reported in Fig. 7 of reference 24. These plasmids contain the same UAS element. Yet, in the earlier report, the UAS element was demonstrated to support significantly higher level UAS activity than observed with plasmid pJD28 in the present work. Although different strains (RH218 and M1682-19b) were used, which accounts for a two-to threefold difference in UAS activity in the two experiments, there is an additional subtle difference between the experiments. In the earlier experiment (25) we had no idea of the limits of the putative UAS element and used a DNA fragment with the sequence 5'-TTTGCTTTTCTTATCA-3'. Genetic analysis of the UASNTR reported recently indicated that this fragment was one base too short (4) . Addition of the restriction site to the sequence used (to permit cloning into the expression vector) resulted in a mutation that made the insert of plasmid pHY129 a quantitatively better UAS element. This error in selecting the precise sequence to clone and assay did not alter the conclusions reached in the earlier work, however, because current data obtained with plasmids pHY129 and pJD28 differ only quantitatively.
